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anisms	 underlying	 their	 association	 with	 virulence	 remain	 to	 be	 determined.	 Our	
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to	 reduce	 the	 fitness	 gains	 from	 phloem	 feeding.	 Many	 of	 these	
defenses	are	located	in	the	phloem,	including	secondary	chemicals	
and	herbivore‐induced	defense	hormones	such	as	jasmonic	(JA)	and	












tive	 studies	with	 plant	 bugs	 (Megacopta	 spp.),	Hosokawa,	Kikuchi,	
Shimada,	 and	 Fukatsu	 (2007)	 indicated	 that	 symbionts	 can	 deter‐
mine	 the	 comparative	 virulence	 of	 bug	 species	 on	 different	 host	



















Tamura,	 &	 Oya,	 2007;	 Horgan,	 2018;	 Horgan	 et	 al.,	 2015,	 2018;	
Vu	 et	 al.,	 2014]).	 Recent	 studies	 that	 examined	 the	 microbiomes	
of	 insect	 herbivores,	 particularly	 the	 rice	 planthopper,	Nilaparvata 
lugens,	 reared‐on	 or	 adapted	 to	 contrasting	 host	 plant	 genotypes	
have	suggested	that	microbiomes	change	(structurally	or	function‐








ability	 between	 different	 herbivore	 populations	 and	 microbiome	
responses	 to	 host	 feeding.	 Furthermore,	 until	 recently,	 virulence	
studies	 of	 rice	 planthopper	 microbiomes	 have	 used	 rice	 varieties	
from	diverse	breeding	backgrounds	often	without	clear	knowledge	
of	the	genetic	mechanisms	underlying	resistance.	For	example,	the	
varieties	 TN1	 (susceptible),	 Mudgo	 (Bph1	 locus),	 and	 ASD7	 (bph2 
locus)	have	been	used	in	several	studies	of	rice	planthopper	micro‐




research	 teams	have	developed	near‐isogenic	 rice	 lines	 that	 share	
common	 recurrent	 parents,	 but	 differ	 by	 containing	 specific	 gene	






Leafhoppers	 (Hemiptera:	 Cicadellidae)	 form	 symbioses	 with	
a	 range	 of	 bacteria,	 including	 obligate	 endosymbionts	 that	 oc‐
cupy	 specialized	 bacteriomes	 in	 the	 insect's	 anterior	 abdomen	
(Noda	et	al.,	2012).	Although	a	number	of	endosymbiotic	bacteria	
have	 been	 identified	 from	 rice	 leafhoppers	 (e.g.,	 Candidatus sul‐




quencing	 (i.e.,	 targeted	 gene	 sequencing)	 to	 describe	 the	microbi‐
ome	 of	 rice	 leafhoppers	 or	 to	 examine	 changes	 in	 the	 leafhopper	
microbiome	during	virulence	adaptation.
The	 present	 study	 examines	 the	 microbiomes	 of	 green	 leaf‐
hopper,	Nephotettix virescens	 (Figure	1),	colonies	selected	on	near‐













than	24	 loci	with	 genes	 for	 resistance	 to	 leafhoppers	 (Nephotettix 
spp.	 and	Recelia dorsalis)	 have	 been	 identified	 (Fujita	 et	 al.,	 2013)	
and	 a	 number	 of	 these	 genes	 have	 been	 introgressed	 into	 the	




GRH2‐NIL	 and	GRH4‐NIL,	 respectively)	with	 resistance	 to	N. cinc‐
ticeps,	 and	a	 line	carrying	both	genes	 together	 (henceforth	GRH2/
GRH4‐PYL	[we	use	“PYL”	as	an	abbreviation	for	the	breeding	term	
“pyramided,”	which	 indicates	 a	breeding	 line	or	NIL	with	≥2	 resis‐
tance	genes]).	Both	GRH2	and	GRH4	were	first	identified	from	DV85	
using	N. cincticeps	 in	phenotyping	studies.	Resistance	mechanisms	
associated	 with	 GRH2	 and	 GRH4	 have	 not	 been	 fully	 elucidated;	
however,	Asano	et	al.	 (2015)	found	that	genes	for	several	types	of	
proteinase	inhibitor	and	several	genes	of	the	cytochrome	P450	fam‐
ily	were	expressed	 in	a	GRH2/GRH4‐PYL	 infested	by	N. cincticeps. 
Furthermore,	 genes	 associated	 with	 the	 production	 of	 volatiles,	
particularly	 sesquiterpenes,	 were	 upregulated	 during	N. cincticeps 
attack	(Asano	et	al.,	2015).	Previous	studies	have	indicated	that	the	
pyramided	line,	GRH2/GRH4‐PYL,	 is	highly	resistant	to	N. virescens 
(Horgan	et	al.,	2018,	2019).
By	continually	monitoring	 the	 fitness	of	N. virescens	on	GRH2/
GRH4‐PYL	over	successive	generations,	Horgan	et	al.	(2018)	noted	
that	whereas	partial	virulence	was	achieved	within	ten	generations	
(i.e.,	 leafhopper	 feeding	efficiency,	 survival,	 and	weight	gain	equal	
to	 that	 on	 susceptible	 varieties),	 leafhoppers	 required	 several	 fur‐
ther	 generations	 of	 selection	 to	 achieve	 complete	 virulence	 (i.e.,	
egg	laying	equal	to	that	on	susceptible	varieties).	We	therefore	used	
colonies	only	after	20	generations	of	selection	 to	 insure	complete	
virulence	 adaptation	 in	 our	 study.	 We	 assessed	 the	 microbiomes	
of	 these	 adapted	 colonies	 to	 identify	 possible	microbiome	 associ‐
ations	with	virulence	of	 the	 insect	host.	Horgan	et	al.	 (2018)	have	
also	 shown	 that	 N. virescens	 colonies	 successively	 reared	 on	 the	
monogenic	resistant	 lines	 (GRH2‐NIL	and	GRH4‐NIL)	were	capable	
of	surviving	and	developing	on	the	pyramided	line	GRH2/GRH4‐PYL	




on	 T65.	 Without	 prior	 evidence	 to	 suggest	 which	 bacterial	 taxa	

















and	of	 the	mechanisms	of	 virulence	adaptation	 in	phloem‐feeding	
leafhoppers.
2  | MATERIAL S AND METHODS
2.1 | Plant materials
We	 obtained	 DV85	 and	 T65	 from	 the	 Germplasm	 Bank	 at	 the	
International	 Rice	 Research	 Institute	 (IRRI)	 in	 the	 Philippines.	 The	
resistant	 lines	 that	 we	 used,	 GRH2‐NIL,	 GRH4‐NIL,	 and	 GRH2/
GRH4‐PYL,	were	BC6F5	generations	selected	using	Simple	Sequence	
Repeat	markers	associated	with	the	target	loci	during	repeated	back‐




2.2 | Leafhopper colonies and Phase I selection
In	 this	 study,	we	 used	 greenhouse	 colonies	 derived	 from	 five	 ini‐
tial	N. virescens	 populations.	 These	were	 from	 original	 collections	
made	 in	 rice	 fields	 at	 Laguna,	 Batangas,	 Quezon,	 Rizal,	 and	 San	
Pablo	 (Luzon	 Island,	Philippines).	 The	 colonies	were	each	 selected	
on	the	four	rice	lines	(henceforth	“natal”	hosts)	for	20	generations	(5	
populations	×	4	natal	hosts	=	20	colonies).	Details	of	selection	and	
F I G U R E  1  The	green	leafhopper,	Nephotettix virescens	(photo	
courtesy	of	IRRI	Knowledge	Bank)








GRH4‐NIL,	 and	GRH2/GRH4‐PYL.	 Feeding	 plants	 (the	 natal	 hosts)	








2.3 | Changes in virulence during phase I selection







To	assess	 adult	 and	nymph	survival,	 newly	emerged	gravid	 fe‐




under	acetate	 insect	 cages	 (45	×	5	cm,	H	×	D).	After	15	days,	 the	
number	 of	 survivors	 on	 each	 plant	 and	 their	 development	 stages	
were	recorded.	The	survivors	were	collected	and	dried	 in	a	forced	




(dimensions	 as	 above).	 The	 females	 were	 allowed	 to	 oviposit	 for	
5	days	after	which	the	plants	were	collected	and	dissected	to	count	
the	eggs.










during	 phase	 I	 selection	 or	 were	 without	 exposure	 to	 any	 resist‐
ance	 loci	 (maintained	 for	20	generations	on	T65).	The	adults	were	









At	 each	 generation,	 the	 colonies	 were	 monitored	 to	 assess	
nymph	survival,	adult	survival,	and	egg	 laying	on	GRH2/GRH4‐PYL	
using	the	bioassays	described	above.
2.5 | Leafhopper sampling for microbiomes
We	examined	the	microbiomes	of	each	colony	after	20	generations	
[G]	of	phase	 I	 selection	on	 their	natal	hosts	 (5	 locations	×	4	natal	
hosts	=	20	colonies,	henceforth	phase	I	at	20	generations	[phase	I	
20	G]).	We	also	examined	the	microbiomes	of	15	of	these	colonies	
after	six	 further	generations	 (phase	 I	20	G	+	6	G)	on	their	original	
natal	hosts	(T65,	GRH4‐NIL,	and	GRH2/GRH4‐PYL).	We	did	not	ex‐
amine	 the	microbiome	 of	 the	 five	 colonies	 on	GRH2‐NIL	 after	 26	
generations	 of	 selection	 because	 the	 colonies	 demonstrated	 viru‐
lence	against	GRH2/GRH4‐PYL	that	was	intermediate	between	the	
virulence	of	GRH4‐NIL‐selected	and	GRH2/GRH4‐PYL‐selected	colo‐



















centrifugation,	 the	 top	 aqueous	 phase	was	 carefully	 transferred	
to	 another	 1.5‐ml	 microtube.	 The	 top	 aqueous	 phase	 contain‐
ing	 the	 DNA	was	 precipitated	 by	 adding	 500	 µl	 of	 isopropanol	
and	50	µl	of	3	M	sodium	acetate,	mixed	gently,	and	incubated	at	
−20°C	overnight.	After	 overnight	 incubation	 at	 −20°C,	 the	DNA	






After	 incubation,	 the	 DNA	 was	 precipitated	 using	 10	 µl	 of	
3	 M	 sodium	 acetate	 and	 200	 µl	 of	 absolute	 ethanol	 and	 incu‐
bated	 overnight	 at	 −20°C.	 The	 DNA	 was	 then	 precipitated	 by	
centrifuging	at	5,000	×	g	for	15	min	at	4°C.	The	supernatant	was	




2.7 | Confirmation and sequencing of bacterial 
symbionts using bacterial specific primers
The	 extracted	 sample	 DNA	 was	 confirmed	 for	 the	 presence	 of	













2.8 | Sequence processing and clustering
Sequenced	 reads	 were	 quality	 filtered,	 dereplicated,	 abundance	
sorted,	 clustered,	 and	 chimera	 removed	 in	 the	 UPARSE	 pipeline	
(Edgar,	2013).	Quality	filtering	of	reads	was	conducted	with	a	maxi‐


















Because	 greenhouse	 conditions,	 particularly	 temperature,	 varied	
throughout	 the	 course	of	 the	 selection	and	associated	monitoring	
experiments,	 leafhopper	 development,	 and	 egg	 laying	 fluctuated	
between	generations.	We	therefore	present	fitness	results	relative	
to	 leafhoppers	 feeding	 on	 the	 susceptible	 recurrent	 parent	 (T65)	
for	 phase	 I	 and	 relative	 to	GRH2/GRH4‐PYL‐selected	 leafhoppers	
for	phase	II;	however,	full	results	are	also	included	in	the	Tables	S1–
S8.	Relative	 fitness	of	 leafhoppers	during	 selection	was	examined	
using	univariate	general	linear	models	(GLM).	Similarly,	virulence	on	
the	 respective	natal	hosts	and	on	GRH2/GRH4‐PYL	was	examined	
using	GLMs	 after	 20	 generations	 of	 phase	 I	 selection.	 The	 factor	
“origin”	 (referring	 to	 the	original	 collection	sites	 in	 the	Philippines:	
levels	=	Batangas,	Laguna,	Quezon,	Rizal,	and	San	Pablo)	was	initially	



























Phase I 20 G
Phase I
Phase II
* = Microbiome analysisPhase I 20G + 6 G
Phase I 20 G + phase II 6 G
Primer Sequence Product size Blast hit
Univ‐0008‐a‐S‐19f GAGTTTGATCCTGGCTCAG 1,538 rRNA‐16s	ribosomal	
RNA
Univ‐1528‐a‐A‐17r AAGGAGGTGATCCAGCC 1,538 rRNA‐16s	ribosomal	
RNA
TA B L E  1  Primers	used	for	
confirmation	of	bacterial	symbionts




The	 virulence	 of	 leafhoppers	 on	GRH2/GRH4‐PYL	 during	 each	
generation	of	phase	II	selection	was	examined	using	repeated	mea‐
sures	GLM	with	 generation	 as	 the	 repeated	measure	 and	 original	
natal	host	(phase	I	selection)	as	the	main	factor.	The	factor	“origin”	
was	 initially	 included	 in	 all	models,	 but	was	 removed	where	 there	
was	no	significant	effect.






parametric	method	 that	 uses	 permutation	 techniques	 to	 calculate	
p‐values.	For	Phase	 I‐selected	 leafhoppers,	 the	factors	 included	 in	
the	PERMANOVA	analysis	were	“origin”	(random)	and	“natal”	(fixed).





factor	 “transition”	had	 five	 levels:	0–0,	T65	 to	T65	 (i.e.,	0	 locus	 to	
0	 locus);	0–2,	T65	 to	GRH2/GRH4‐PYL	 (i.e.,	0	 locus	 to	2	 loci);	1–1,	
GRH4‐NIL	to	GRH4‐NIL	 (i.e.,	1	 locus	to	1	 locus);	1–2,	GRH4‐NIL	to	
GRH2/GRH4‐PYL	(i.e.,	1	locus	to	2	loci);	and	2–2,	GRH2/GRH4‐PYL	to	
GRH2/GRH4‐PYL	(i.e.,	2	loci	to	2	loci).
PERMANOVA	 pairwise	 tests	 were	 conducted	 to	 analyze	 dif‐
ferences	 between	 levels	 of	 statistically	 significant	 factors.	 The	
PERMDISP	routine	was	used	to	examine	homogeneity	of	dispersions	
(based	on	mean	distance	to	group	centroids),	to	ensure	that	disper‐
sions	 were	 constant	 among	 groups	 (Anderson,	 2006).	 Nonmetric	














PERMANOVA,	 PERMDISP,	 MDS,	 and	 SIMPER	 analyses	

































































































































3.1 | Virulence after phase I selection
Prior	 to	 selection,	 leafhoppers	 that	were	 recently	 collected	 from	
the	 field	 sites	 were	 capable	 of	 developing	 on	 GRH2‐NIL	 and	
GRH4‐NIL,	but	had	poor	survival,	development,	and	egg	laying	on	
GRH2/GRH4‐PYL	 (Figure	 3a,d;	 Table	 S1).	After	 20	 generations	 of	
selection,	all	colonies	had	fully	adapted	to	feed,	survive,	develop,	
and	 lay	 eggs	 on	 their	 respective	 natal	 hosts	 (Figure	 3b,e;	 Table	
S1).	 Furthermore,	 leafhoppers	 selected	 on	 both	 the	 monogenic	
(GRH2‐NIL	and	GRH4‐NIL)	and	pyramided	(GRH2/GRH4‐PYL)	lines	
had	a	greater	capacity	to	develop	and	 lay	eggs	on	the	pyramided	
line	after	20	generations	 compared	 to	 those	 reared	continuously	
on	T65	(Figure	3c,f;	Table	S1).
















colonies).	See	also	Table	S2 Generation of selection
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3.2 | Phase II selection on GRH2/GRH4‐PYL
Leafhoppers	that	had	been	previously	selected	on	T65,	GRH2‐NIL,	
and	 GRH4‐NIL	 (phase	 I)	 followed	 largely	 similar	 patterns	 in	
virulence	 over	 six	 generations	 of	 phase	 II	 selection	 on	 GRH2/
GRH4‐PYL	 (Figure	 4).	 During	 phase	 II	 selection,	 nymph	 survival	
was	 similar	 among	 leafhoppers	 from	 all	 colonies	 (Figure	 4a–c;	
Table	 S2).	Nymph	development	 (Figure	 4d–f)	 and	 nymph	weight	
gain	 (Figure	 4g–i)	 gradually	 improved	 over	 the	 six	 generations	
(development:	 F‐generation	 =	 39.580,	 p	 ≤	 .001;	 biomass:	 F‐
generation	 =	 49.909,	 p	 ≤	 .001)	 resulting	 in	 progressively	 more	
severe	damage	to	rice	plants	from	the	pyramided	 line	 (F‐genera‐
tion	=	124.966,	p	≤	.001)	in	bioassays	conducted	at	each	succes‐
sive	generation	 (Table	S2;	Figure	4j–l).	During	phase	 II	 selection,	
adult	survival,	adult	biomass,	and	egg	laying	on	GRH2/GHR4‐PYL	
were	 similar	 irrespective	 of	 the	 phase	 I	 natal	 plant,	 including	
GRH2/GRH4‐PYL	 (Table	S2).	Only	nymph	development	showed	a	
significant	 generation	×	host	 interaction	 (F15,80	=	2.327,	p	 ≤	 .01)	








to	 phase	 I	 and	 phase	 II	 samples,	 respectively	 (total	 =	 227).	 Full	
details	 of	 the	OTUs	 and	 their	 corresponding	 taxa	 are	 presented	
in	Table	S3.
3.4 | Leafhopper microbiome after phase I selection
At	 the	 OTU	 level,	 both	 “location”	 and	 “natal”	 host	 had	 a	 sig‐
nificant	 impact	 on	 the	 microbiome	 community	 of	 leafhoppers	
(Pseudo‐F	 =	 18.966,	p	 =	 .001	 and	Pseudo‐F	 =	 6.0432,	p	 =	 .002,	
respectively).	 “Origin”	 had	 a	 greater	 effect	 than	 “natal”	 at	
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the	 community	 level	 as	 visualized	 in	 the	 MDS	 ordination	 plot	
(Figure	5a).	PERMANOVA	pairwise	test	results	 indicated	that	mi‐
crobiomes	 were	 significantly	 different	 between	 all	 locations	 (all	
showing	 p‐values	 ≤	 .05),	 except	 between	 Batangas	 and	 Laguna	

















(Figure	 6;	 Table	 S6).	 Significant	 PERMANOVA	 results	 in	 phase	 II	
were	not	affected	by	data	dispersion,	as	confirmed	by	PERMDISP	
tests,	which	all	showed	nonsignificant	p‐values	(>.05).
3.5 | Changes in microbiota during phase I selection





p	 =	 .001).	 Origin	 significantly	 affected	 the	 proportion	 of	 26	 taxa	
(between	subject	effects),	whereas	natal	host	affected	only	six	taxa	
(Bosea,	 Candidatus sulcia,	Dyadobacter,	Dyella,	Mycobacterium,	 and	
Sandaracinus;	Figure	6a;	Table	2).
Abundances	 varied	 significantly	 between	 origins	 for	 26	 of	
the	 39	 taxa	 (Table	 2;	 Figure	 6b).	 However,	 the	 abundance	 of	





(Figure	7),	 thereby	 largely	matching	patterns	 in	 leafhopper	 viru‐
lence	(see	Figure	3).
The	relative	proportions	of	 individual	Candidatus sulcia	OTUs	
were	 affected	 by	 origin;	 only	 OTUs	 14,	 46,	 and	 58	 had	 similar	
proportions	 across	 origins	 (Figure	 6c;	 Table	 3).	 The	 proportions	
of	OTUs	14,	16,	29,	46,	54,	and	58	making	up	the	clade	were	not	
affected	 by	 natal	 host;	 among	 the	 remaining	OTUs,	 proportions	




3.6 | Leafhopper microbiome after phase 
II selection








Similar	 results	were	observed	 at	 the	 genus	 level,	 in	which	 “or‐
igin”	 had	 a	 significant	 impact	 on	 the	 microbiome	 community	
(Pseudo‐F	=	5.487,	p	=	 .001;	Figure	5d).	Pairwise	differences	were	
found	 between	 San	 Pablo	 and	 every	 other	 collection	 site	 (all	 p‐
values	≤	 .05),	as	well	as	between	Batangas	and	Laguna	 (t	=	3.042,	






3.7 | Changes in abundance of key taxa during 
phase II selection
OTUs	 assigned	 to	 the	 Candidatus sulcia	 clade	 were	 not	 affected	
by	 initial	 leafhopper	 natal	 host	 (T65	 or	 GRH4‐NIL;	 F1,16	 <	 0.001,	
p	 =	 1.000;	 ranked	 data),	 but	 gained	 prominence	 in	 leafhoppers	
after	six	generations	on	GRH2/GRH4‐PYL	(F1,16	=	10.889,	p	=	.005;	
ranked	data).	 The	 interaction	 term	was	not	 significant	 (Figure	8a).	
Although	patterns	were	often	consistent,	Bosea,	Dyadobacter,	Dyella,	
Mycobacterium,	and	Sandaracinus	were	not	statistically	significantly	





virulence	 adapted	 colonies	were	 influenced	more	 by	 population	
origin	than	by	exposure	to	resistance	genes.	However,	six	bacte‐
rial	 taxa,	 including	the	obligate	symbiont	Candidatus sulcia	clade,	
showed	 abundance	 patterns	 that	 reflected	 the	 virulence	 of	 the	
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20–26	 generations	 (>30	months)	without	 appreciable	 divergence	 in	
the	microbiome	compositions	among	derived	colonies.	This	occurred	

























Some	of	 the	 endophyte	 bacteria	 that	we	detected	 could	 function	
in	plant	protection	against	 insects	and	diseases,	 including	 leafhop‐
pers,	 representing	 an	 important	 function	 of	 the	 plant	microbiome	
that	 interacts	with	 the	 leafhopper	 populations;	 however,	 bacterial	
function	is	difficult	to	determine	from	16S	sequencing.	For	example,	
bacteria	of	the	genus	Serratia	were	detected	among	colonies	derived	
from	 all	 five	 original	 locations	 (Table	 S3).	 The	 bacterium	 Serratia 
marcescens	 is	pathogenic	to	N. lugens	(Niu,	Liu,	Li,	&	Guo,	2016).	In	
contrast,	 certain	Bacillus	 spp.	 (B. amyloliquefaciens,	B. pumilus,	 and	
B. subtilis)	that	occur	on	the	integument	of	rice	planthoppers	can	in‐
hibit	the	effects	of	pathogenic	microbes	such	as	the	entomopatho‐





gen	 of	 rice	 and	 has	 been	 shown	 to	 result	 in	 complex	 interactions	
with	 insect	 herbivores	 (N. lugens)	 and	 their	 predators	 (Cyrtorhinus 






leafhopper	 eggs	 (Jia	 et	 al.,	 2017).	We	did	not	 detect	Wolbachia	 in	
our	experiments;	however,	it	has	been	suggested	that	Wolbachia	are	
eliminated	 from	 insect	 colonies	 that	 have	 been	 reared	 for	 several	
generations	under	controlled	conditions	(Wang	et	al.,	2015,	2016).
4.2 | Endosymbionts associated with leafhopper 







(Bennett,	 McCutcheon,	 MacDonald,	 Romanovicz,	 &	 Moran,	 2014).	
Unlike	 planthoppers	 that	 require	 YLS	 for	 nitrogen	metabolism,	 the	












F I G U R E  6   (a)	The	proportion	of	total	OTUs	represented	by	16	prominent	taxa	(i.e.,	most	abundant	in	phase	I	20	G	samples	and	occurring	
in	samples	from	all	five	origins)	with	(b)	the	abundance	of	each	OTU	in	the	samples.	The	composition	of	Candidatus sulcia,	which	consisted	of	
14	OTUs,	is	indicated	by	(c)	the	proportion	of	each	OTU	in	the	samples	and	(d)	the	abundance	of	the	OTUs	in	the	samples






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































has	 been	 inconclusive.	 This	 is	 largely	 due	 to	 a	 lack	 of	 agreement	
between	the	results	from	similar	experiments	conducted	by	differ‐
ent	 research	 groups	 (e.g.,	 YLS:	 Lu	 et	 al.,	 2004	 and	 Ferrater	 et	 al.,	
2015;	Lu	et	al.,	2004	and	Wang	et	al.,	2015;	Chen	et	al.,	2011	and	
Horgan	&	 Ferrater,	 2017;	 endosymbiotic	 bacteria:	 Xu	 et	 al.,	 2015	
and	 Wang	 et	 al.,	 2015).	 For	 example,	 although	 Chryseobacterium 























1990;	 Vu	 et	 al.,	 2014).	 Five	 of	 the	 endosymbiont	 taxa	 in	 particular	























































































































































































































































































































































































































































































































































































































hopper	 feeding	physiology;	however,	 there	 is	 still	no	clear	evidence	
that	they	determine	virulence	and	virulence	mechanisms	remain	to	be	
elucidated.
4.3 | Mechanisms of leafhopper virulence 
adaptation and future research
Compared	 to	 planthoppers,	 leafhopper	 virulence	 adaptation	 to	





Heinrichs,	1990).	This	 suggests	 that	 the	mechanisms	 that	underlie	
feeding	adaptation	are	different	 from	those	underlying	adaptation	
to	egg	 laying.	Asano	et	al.	 (2015)	 indicated	that	resistance	to	 leaf‐
hoppers	 in	GRH2/GRH4‐PYL	 is	 associated	with	 genes	 for	 protein‐
ase	 inhibitors	 and	 cytochrome	 P450s.	 Attacks	 by	N. cincticeps	 on	
GRH2/GRH4‐PYL	also	produced	a	strong	induction	of	sesquiterpene	
volatiles	 (Asano	 et	 al.,	 2015).	 Virulence	 adaptation	 might	 there‐
fore	 include	short‐term	 (within	a	 few	generations)	desensitizing	 to	
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